Objective: Although it is generally accepted that endurance training improves cardiac function after myocardial infarction the sub-cellular mechanisms are uncertain. The present study reports the effects of aerobic endurance training on myocardial mass, myocyte Ca handling, and Ca -sensitivity in cardiomyocytes from rats with myocardial infarction.
Introduction
endurance capacity, attenuates LV dilation, improves cardiac function, quality of life, and reduces mortality in Current treatment of patients after myocardial infarction patients with heart failure [2] [3] [4] [5] [6] . Similar disparity exists in (MI) often includes exercise training as an element of data from animal models; exercise after MI in rats has cardiac rehabilitation. However, the effects of exercise generally caused ventricular enlargement [7, 8] , with only training on left ventricle (LV) remodeling post-MI have one study describing decreased LV dilation [9] . The reason remained controversial. In an early study of patients with for this lack of consensus is unknown; one possible extended anterior myocardial infarction, Jugdutt et al. [1] variable is the form of exercise training undertaken. The found increased LV dilation and decreased regional and cellular basis for contractile dysfunction in post-MI global cardiac function following exercise. In contrast, myocardium has been extensively studied [10] [11] [12] . An recent studies suggest that physical training increases important focus of research has been altered intracellular 21 Ca transient in post-MI myocytes, which has been attributed to altered expression of the Na -Ca -ex-2.2. Myocardial infarction procedure 21 changer (NCX) activity, sarcoplasmatic reticulum CaATPase (SERCA-2) and phospholamban (PLB) [13] [14] [15] . Animals were anesthetized with 3% isoflurane (Forene, However, these changes are not uniform across studies, Abbott UK) in a 70% O -30% N O mixture and intubated 2 2 either due to differences in infarct size or species variation. and ventilated on a volume-controlled ventilator (model NCX levels can be increased [16] , decreased [15] or not 655, Harvard Apparatus; Ednbridge, UK). Anesthesia was changed [13] in post-MI myocardium, similarly reported maintained with 1% isoflurane in a 70% O -30% N O 2 2 changes in SERCA-2 are not consistent [16] . In contrast, mixture during the procedure. After a left thoractomy was treadmill running generally increases SERCA-2 activity performed, the pericardium was opened, and the left [17] and NCX [18, 19] in conjunction with improvements coronary artery was ligated with a polyester suture in myocyte contractility [19] . Interestingly, Zhang et al.
(Ethibond 6-0, needle RB-2, Ethicon; Norderstedt, Gerreported that in post-MI rats, myocytes were larger and had many). Sham-operated animals were subjected to the same 21 a depressed Ca transient along with decreased SERCA-2 surgical procedures except the coronary artery ligation. All and PLB expression. Intense anaerobic training post-MI animals were given 0.05 mg buphrenorfin (Temgesic, 0.3 21 2 1 significantly restored cell length [20] and systolic [Ca ] mg?ml , Reckitt and Coleman; Hull, UK) subcutaneously but further decreased SERCA-2 and PLB levels [21] . It is immediately and 10 h after surgery. Echocardiography (2D not known whether a more clinically relevant aerobic and M-mode) was performed after 5-6 days to exclude exercise regimen affects cellular adaptations similarly [21] .
animals with small infarcts according to the procedure However, in a recent study [19] we showed that aerobic described by Litwin et al. [26] . About 40% of the operated endurance training increased cardiomyocyte contractility, rats survived the protocol and had large infarctions SERCA-2 and PLB protein content, and improved myofila-(44.462.5% of the left ventricle, located at the free ment sensitivity in healthy rats.
anterior wall). Thirty-six rats were randomized to the Several factors may contribute to post-MI contractile following groups: infarction and training (TR-INF, n513), dysfunction. Either DNA-microarray or single gene analyinfarction and sedentary (SED-INF, n511), sham and sis indicates that several hundred genes are substantially training (TR-SHAM, n56), and sham and sedentary up-regulated, e.g. endothelin-1 (ET-1), atrial natriuretic (SED-SHAM, n56). Three MI rats, one TR-INF, and two peptide (ANP) and insulin-like growth factor (IGF-1) [22] .
SED-INF died before the end of the protocol. Even though adaptation to physical exercise includes cardiac hypertrophy in healthy individuals [23] , the pattern 2.3. Training and test procedure of myocardial gene expression appears to differ from those observed secondary to hypertrophy in cardiovascular disFour weeks after infarction, rats started training on a ease [24, 25] . It is not known whether any beneficial effects treadmill (258 inclination |47%) 1.5 h per day, 5 days per of exercise on MI-induced contractile dysfunction is week for 8 weeks. At the start of every week, maximal caused by further hypertrophy or reversal of the hyperoxygen uptake (V ) was measured and workloads trophic response. The aim of the present study was to O 2max adjusted accordingly as previously described [19, 23] . compare the effects of intensity-controlled aerobic interval Exercise intervals alternated between 8 min at 85-90% of training [23] and systolic left ventricular wall thickness and cavity diameters were calculated as the mean of five consecutive system. To minimize the effect of day to day variation, LV cardiac cycles in M-mode long axis following the recomcardiomyocytes were isolated from two of the four groups mendations of the American Society of Echocardiography each day using a balanced design. Myocytes were isolated [27] . The left and right atria diameter were measured as the from septal plus left ventricular free wall portions of the longest systolic diameter perpendicular to aortic wall in 2D myocardium using collagenase as previously described long axis recordings of the aortic valve and ascending [23] . The heart was retrogradely perfused via aorta (7 areas. During this procedure the hearts were kept in medium C containing 125 ml medium A supplied with 1% After 8 weeks of the experimental period, and 1-3 days bovine serum albumin and 1.5 mM CaCl, equilibrated with after LV pressure measurement, the animals were anaes-5% CO and 95% O . Left ventricular tissue was cut into 2 2 thetized with diethyl ether and heparinized. Hearts were small pieces, in medium C and shaken for 10 min (37 8C, rapidly removed from the animals and kept 1 min in 5% CO , 95% O , 100 rpm). The supernatant was re- 2 2 ice-cold perfusion buffer, and connected to an aortic moved, 20 ml of medium B was added, and the tissue was cannula of a standard Langendorff retrograde perfusion shaken for 30 min (37 8C, 5% CO , 95% O , 150 rpm). Thereafter, 10 ml of medium C was added to each cell [Ca ] kept below 100 nM during and after the isolation suspension before centrifugation for 20 s at 600 rpm procedure, and b-escin (Sigma (100 mg / ml) was used to (37 8C). The supernatant was gently removed and another permeabilize cells. To study effects of training on myofib- 21 10 ml of medium C was added. After centrifugation, the rillar responsiveness to Ca , cells were perfused with 21 supernatant was gently removed and 5 ml of medium C progressively increasing [Ca ] concentrations (pH 7.0, was added before filtering through a nylon mesh (250 mm).
37 8C) (42, 140, 210 and 315 nM buffered by 10 mM
21
Coverslips were coated with 10 mg?ml laminin (Life EGTA). The equilibrium concentrations of metal ions in Technologies) in medium 199. Myocytes were isolated the solutions were calculated using a computer program 1 21 21 from septal plus left ventricular free wall portions of the with the affinity constants for H , Ca and Mg for myocardium (mainly septum because of the infarction), EGTA [30] . The affinity constants used for ATP and CrP attached to coverslips and loaded with Fura-2 [19] .
were those quoted by Fabiato and Fabiato [31] . Corrections for ionic strength, details of pH measurement, 21 2.6. Intracellular [Ca ] and cell shortening allowance for EGTA purity and the principles of the 21 measurements calculations are detailed elsewhere [32] . Free Mg concentration was 0.9-1 mM in all solutions. Cells were studied in a cell chamber on an inverted microscope (Diaphot-TMD, Nikon, Tokyo, Japan), and 2.8. Electrophoresis, immunoblotting and densitometry stimulated electrically by bipolar pulses (5 ms duration, 2-10 Hz, 37 8C). Cells that remained rod shaped, without Samples of intraventricular septum were frozen and blebs or other visible morphological alterations, and restored at 280 8C after animal sacrifice. Before analysis the sponded adequately on 5-10 s of 2 Hz electrical stimulatissue was defrosted to 0 8C and homogenised in ice cold tion were measured for length and midpoint width. Celhomogenization buffer. Protein content was determined lular dimensions were calculated from about 6500 cells, using the Coomassie Plus protein assay (Pierce) and BSA i.e. approximately 200 myocytes from each animal; all (0.1-1 mg / ml) as standard. SDS-PAGE was performed as measurements were made 1-3 h after cell isolation. Only described by Currie and Smith [33] with 6% Tris-glycine data from cells that followed the full stimulation protocol gels for SERCA-2 and NCX gels followed by blotting onto were used for analysis (97%). Although stimulus rates of a nitro-cellulose membrane (Hybond C, Amersham). Mem-10 Hz are close to in vivo values they are rarely used in in branes were then exposed to primary antibodies for one of vitro studies. In pilot studies, the ability of rat myocytes to the two specific proteins under study. SERCA-2; the follow these high rates of stimulation was found to be very primary antibody used was mouse anti-SERCA-2 monotemperature dependent, at temperatures below 35 8C clonal antibody (IgG , Affinity Bioreagents, 1:4000). The 1 myocytes would not follow stimulation rates above at 5 secondary antibody was goat anti-mouse IgG-horseradish Hz. In about 10% of the cells poor contrast of cellular peroxidase conjugate (Transduction Laboratories, 1:2000). edges prevented cell length measurements. During stimula-NCX; the primary antibody used was polyclonal antisera 21 tion the cells were superfused at 2 ml?min with HEPES raised against canine sarcolemmal NCX (Swant, Switzerbuffer at 37 8C. The amplitude of cell shortening and the land, 1:1000). The secondary antibody was goat antivelocity of contraction and relaxation, and Fura-2 fluoresrabbit-horseradish peroxidase conjugate (Transduction cence were analyzed using a video / edge monitor detector Laboratories, 1:2000). Protein abundance was quantified and photomultiplicator as previously described [19, 28] .
by scanning developed immunoblots containing known Each heart provided measurements from six to 12 cells. amounts of total homogenate protein. Measurements were Since time to peak cell shortening normally increases with triplicate and average densitometric measurement was increased fractional shortening [58] , we calculated the taken over the linear range of protein loading (5-25 mg). relative time to peak shortening. Minimum fluorescence Protein content was determined using the Coomassie Plus ratio (R 50.4760.05) and maximum fluorescence ratio 21 min protein assay (Pierce) and BSA (0.1-1 mg?ml ) as (R 56.760.6) fluorescence ratio, and b (6.260.13) max standard. Measurements were performed in triplicate and were determined using a protocol described by Frampton the average densitometric measurement was taken over the et al. [29] . R , R and b were similar among groups. [30] . Cardiomyocyte shortening and emission is at a wavelength of 428 nm and this is detected Fura-2 fluorescence data from each cell were calculated by short exposure to blue-light sensitive autoradiography from ten consecutive contractions after stabilization at each film. stimulation frequency.
Preparation and measurements of permeabilised 2.9. Competitive reverse transcriptase polymerase chain myocytes reaction (RT-PCR)
Cells were isolated as previously described [19] , with Myocardial mRNA was isolated with Dynabeads Oligo (dT) (Dynal AS, Oslo, Norway) as previously described tions that corresponded to 44% of the left ventricle. MI 25 [19, 22] . Competitive RT-PCR was performed in a Perkin induced marked left ventricular dilation; 55% (P,0.001) Elmer GeneAmp 2400 PCR system using rTth DNA increase in diastolic and 110% (P,0.001) in systolic polymerase (Perkin Elmer / Roche Molecular Systems Inc., diameter (Table 1) . MI induced substantial myocardial Bronchburg, NJ, USA) according to manufacturers instruchypertrophy; left and right ventricular weight increased by tions. Reverse transcription and quantification of ET-1, 80 and 125%, respectively, whereas cardiomyocyte length ANP, NHE, and IGF-1 was performed as previously and width increased by 31 and 41% (Table 2 ). Left described [19] . ventricular end-diastolic pressure during anesthesia was about 35 mmHg and confirmed heart failure progression with reduced peak 1 dP/dt and 2 dP/dt , and peak In the present study, coronary ligation induced infarcConsistent with previous experiments, the present train- ing protocols induced marked adaptive cardiac hypertrophy (S.D.54.1%) higher than in SED-SHAM (Fig. 3C ). 21 in non-infarcted rats. LV and RV weights were 25 and 27% Surprisingly, the Ca amplitude were highest in the SEDhigher in TR-SHAM than in SED-SHAM. Myocytes were INF group, and lowest in the TR-SHAM group (P,0.05), 13% longer, whereas width was unchanged. In contrast, with no differences between TR-INF and SED-SHAM 21 training reduced cardiac hypertrophy associated with (Fig. 3) . A Ca -sensitivity index (myocyte shortening / 21 myocardial infarction, as assessed by LV and RV weights Ca -amplitude-ratio) was 5-35% higher in TR-INF than (reduced by 15 and 23%, respectively) and myocyte in SED-INF. There were also indications of a lusitropic dimensions, (length 12% and width 20% lower, respectiveeffect with reduced time to 50% relaxation after training, ly) ( Table 2) .
corresponding with reduced time to 50% decay of intracel- 21 21 lular [Ca ], indicating increased Ca -clearance from 21 3.4. Myocyte contractility and Ca handling cytosol (Table 3) . Endurance training reduced time to peak shortening normalized to fractional shortening (Table 3) , Training attenuated the impairment in cardiac function, and no difference were observed between SED-SHAM and 21 myocyte contractility, and Ca -handling substantially. In TR-INF. In TR-SHAM, cardiomyocyte shortening was TR-INF cardiomyocyte shortening was about 60% higher, 60% higher than in SED-SHAM, whereas corresponding 21 21 21 whereas peak Ca transients were 18% lower (S.D.5 peak Ca transients, Ca amplitude and t of decay 1 / 2 21 3.6%, P,0.01) than in SED-INF (Fig. 3 ), but 10% were 10, 30 and 11% lower, indicating higher Ca from TR-INF at every week, P,0.01. * indicates differences from previous week, P,0.02. B: oxygen pulse at submaximal exercise intensities after 8 weeks.
[ indicates differences between groups, P,0.01. All curves are significantly different (P,0.01). SED-SHAM (Fig. 4) . can be used to assess myofilament Ca sensitivity in the Na -Ca -exchanger (NCX). [Ca ] (210 nM) induced smaller changes in cell shortin SED-SHAM. In sham animals, training did not induce ening in trained groups, suggesting that the myofilaments any changes in mRNA expression for any peptide (Table  in TR are less sensitive to altered pH (P,0.03, data not 4), indicating a different growth response in heart failure. shown). Myofilament shortening in TR-INF and SED-SHAM groups were similarly sensitive to altered pH.
3.7. Echocardiography and pressure measurements
ANP, ET-1, IGF-1 and NHE expression
As evident from the internal dimensions, fractional shortening, and pressure measurements, the anesthesia had Myocardial infarction markedly induced left ventricular a negative inotropic effect on the heart. Training did not ANP expression with a 20-25-fold increase in ANP affect in vivo cardiac function assessed under anesthesia. mRNA in SED-INF compared to sham. In trained infarcted LV diameter in diastole increased about 8% in both groups hearts the ANP mRNA expression was about 40% atduring the experimental period (Table 1) . LV diastolic tenuated compared to SED-INF (Table 4 nor peak systolic and aortic diastolic pressures measured attenuated the reduced contractility in myocytes associated 24-28 h after training were affected (Table 1) . Training with myocardial infarction in the rat. A previous study did not alter the restrictive mitral inflow Doppler pattern or using anaerobically trained post-MI rats [38] showed a reduced 1 / 2 dP/dt after myocardial infarction (Table  similar improvement of myocyte performance thus indicatmax   1 ). As noted in the Discussion the negative inotropic effect ing that the beneficial effects of training can be achieved of anesthesia may have precluded differences between with both forms of training regimens. The present study groups.
provides additional insight into the sub-cellular basis for these effects.
Compared to control values (SED-SHAM), myofilament 21 Ca sensitivity was depressed in the SED-INF group and 4. Discussion enhanced in TR-INF group. Depressed myofilament sensitivity in the INF group is in agreement with a recent 21 The major findings of the present study were that study indicating that a profound depression of Ca aerobic intensity-controlled interval training attenuates activated force in trabeculae from failing rat heart is the myocardial hypertrophy and increases myocyte contractile main cause of depressed contractility [39] . The cellular function after myocardial infarction. Increased SERCA-2 basis for these changes is not known, but multiple bio- 21 expression and Ca -sensitivity of the myofilaments acchemical alterations of the contractile proteins have been companied these changes. ANP gene expression was described in heart failure, including isoform switching of attenuated, suggesting reduced loading on the heart. troponin T [40] , and suppression of a-, and increased b-myosin heavy chain expression [41] . In contrast, little is known about changes in the properties of cardiac myofila-4.1. Post-mortem data ments during aerobic training, although stress-induced changes in the expression of troponin I isoforms have been This is the first study to demonstrate that aerobic noted [42] . It is also known that treadmill training in rat interval training attenuates myocardial hypertrophy with induces a further increase in the a-myosin heavy chain corresponding reduction in cellular dimensions in MI rats.
expression [25] . a-Myosin heavy chain is associated with These results are similar to those reported in anaerobically high ATPase activity and increased contractility. It is clear, trained MI rats [20] . Reduced ventricular hypertrophy however, that changes in ventricular ATPase activity and / post-MI in trained rats is consistent with reduced expresor isoform composition are not obligatory for improved sion of ANP mRNA, which is associated with wall stress ventricular performance secondary to chronic exercise and is a known marker of cardiac hypertrophy. The [43] . Altered pH sensitivity may also accompany the attenuation of ANP expression and hypertrophy was 21 altered Ca sensitivity of the myofilaments in the trained similar to that observed after chronic treatment with model, as also observed in a previous study in healthy angiotensin-II antagonism with losartan [34, 35] . The trained rats [19] . Other factors that may affect the contracmechanism behind the different training-adaptation in 21 tile response of the myocyte to Ca are the resting healthy and failing hearts is not known. In healthy animals, sarcomere length and the restoring force within the single endurance training may temporarily increase loading, and myocyte; which were not measured in this study. thereby stretch-induced longitudinal cardiomyocyte growth. In MI animals training may improve endothelial function and reduce peripheral resistance, unload the heart, In this study, the increased myocyte shortening in study) correlated strongly with reduced wall stress [35] . It trained groups was associated with a lower peak systolic is possible that the negative inotropic effect of anesthesia 21 intracellular [Ca ] . The effect occurred at all stimulation could have precluded detection of differences in wall stress 21 rates. Lower peak systolic [Ca ] after training has been among groups (see below). However, we cannot exclude observed previously [19, 44] , but not in all studies [21, 45] . that other factors such as hormone and cytokine level, A complete characterization of mechanism underlying which are known to be changed by exercise [36] , could these changes was beyond the scope of the present study. also affect the expression of ANP [35] . Furthermore, However, some possible mechanisms are discussed below. training improves cardiomyocyte function, which per se An increased SERCA-2 expression and increased sensitivimight reduce the stimulus for cardiac hypertrophy within ty of the myofilaments accompanied the changes of the heart [37] . 21 intracellular [Ca ] [19] . As discussed in a previous study 21 [19] , enhanced SERCA-2 may increase Ca release from 21 21 4.2. Myocyte contractility and myofilament Ca the SR of trained rats, but increased myofilament Ca 21 sensitivity binding may reduce the net effect on the cytosolic Ca signal. In line with other studies [18] training induced The present study shows that aerobic interval training hypertrophy was associated with increased expression of NCX. Chronically raised NCX levels are known to reduce after myocardial infarction [35, 52] . However, endurance 21 systolic [Ca ] [46] and may contribute to the reduced training had little effect on the expression of ET-1, ANP, 21 IGF-1 and NHE despite marked hypertrophy both in the peak systolic [Ca ] observed in the trained groups. In a infarcted and sham-operated hearts. This observation indiprevious study we observed a trend towards increased cates that other genes regulatory pathways modulate NCX expression in the TR group, but the effect was not myocardial training induced hypertrophy, compared to significant [19] . In the present study, the NCX values were hypertrophy in heart failure. However, hypertrophic stimuli consistently higher in the TR group, resulting in a signifiafter training are temporary, whereas they are likely to be cant increase. Similar increases have been reported in other continuous in heart failure. Thus, the time of tissue models of exercise in the rat [ and animal models of heart failure [13]. However, there pulse and the reduction in heart rate were in line with are several reports in the literature of reduced NCX levels previous studies in our laboratory [19, 23] and significantly in hypertrophy, particularly in the rat model [15] . Reduced larger than other studies [17, 24, 44, 45, 53] . It is conceivable 21 extrusion of Ca on the NCX would be expected to raise that these large effects resulted from a carefully controlled 21 21 diastolic [Ca ] and enhance SR Ca load. These effects level of exercise intensity throughout the study. Differwould tend to compensate for decreased SERCA-2 levels ences in training response reported in the literature are and help to increase the amplitude and slow the time probably due to different regimens used, insufficient 21 course of the Ca transient. In a previous study in healthy control of exercise intensity, or different protocols for rats we report that aerobic training increase SERCA-2 and measuring V . The load required to produce a training O 2max
phospholamban similarly, i.e. unchanged SERCA-2 / phoseffect increases as the performance is improved in the pholamban ratio. However, in a recent study Zhang et al. course of training [23] . The training load should therefore [21] reported that phospholamban expression in MI-rats be adjusted relative to the level of fitness of the individual exposed to intense anaerobic training was less affected throughout the course of training. Even though we manthan the expression of SERCA. The increased systolic and aged to reach V with leveling-off of oxygen uptake 21 O 2max diastolic intracellular Ca reported after myocardial indespite increased exercise intensity with substantial infarction might have detrimental effects on cardiac function.
creased resting LVEDP, we did not observe any sign of 21 Ca overload activates several energy-requiring propulmonary edema. This is in line with other studies (e.g. cesses, and reduces energy production by uncoupling of Ref. [54] ) reporting that LVEDP is not a good predictor of oxidative phosphorylation, leading to energy deficit in the severity of dyspnea in CHF, because reactive pulmonary 21 cardiomyocyte [50] . Furthermore, increased Ca may vasoconstriction and obliteration of small pulmonary ar- 21 stimulate cell growth contributing to remodeling and Ca teries protects the lungs from overfilling. activated signals that induce apoptosis [51] . Interestingly, 21 the changes in SERCA-2, NCX, intracellular [Ca ], 21 4.6. Echocardiography and pressure measurement myofilament Ca sensitivity and cell shortening observed in the TR-INF group are the converse of those seen in Reduced ventricular dilation in trained post-MI rats has SED-INF. Thus the effect of training was to normalize the been noted by Orenstein et al. [9] and Jain et al. [55] . In changes in the infarcted group. the present study training was initiated after scar healing was complete [56] , and even though this was associated 4.4. ET-1, IGF-1, ANP, and NHE with a reduced cellular hypertrophy in post-infarction myocytes, we did not observe an attenuation of the LV The rat post infarction model is consistent with human dilation. However, the large end-diastolic diameter (4.8 studies demonstrating increased ventricular expression of mm), low fractional shortening and high LVEDP indicates genes coding for the fetal phenotype during remodeling that the LV was markedly affected by the negative ino-
